Cytosolic proteins containing SH2 and SH3 domains, such as Crk and Crk-like (CrkL), are broadly expressed adapters that interact with a variety of proteins to fulfill key roles in signal transduction pathways triggered by activation of receptor and non-receptor tyrosine kinases. Crk and CrkL are similar to each other in structure and biochemical function, although they provide both distinct, as well as overlapping, biological roles during development. We developed a systematic approach to investigate Crk family functions at the cellular level by generating a conditional knock-out system for ablation of Crk and CrkL in cultured fibroblasts. The loss of both Crk and CrkL from fibroblasts resulted in reduced cell surface area and adoption of a rounded, refractile cellular phenotype. These morphological alterations were accompanied by a decrease in focal adhesion sites, reduced actin stress fibers and a collapse of microtubule structures. In addition, cells exhibited decreases in spontaneous motility and wound-healing behavior. Reduced p130Cas phosphorylation and actin levels closely followed the loss of Crk and CrkL, and stabilization of polymerized actin by jasplakinolide suppressed the morphological conversion. Ablation of Crk or CrkL alone conferred a much more modest phenotype suggesting that Crk and CrkL have overlapping functions that are critical for maintaining cell structure. The morphological alterations could be partially rescued by reintroduction of CrkII, and, to a lesser extent, CrkL. Taken together, our results suggest that Crk and CrkL have critical roles in cell structure and motility by maintaining cytoskeletal integrity.
INTRODUCTION
Crk and Crk-like (CrkL) cytosolic proteins have important roles in signal transduction from receptor tyrosine kinases and nonreceptor tyrosine kinase-coupled receptors to various downstream effectors by interacting with many proteins through their SH2 and SH3 domains. Crk and CrkL are expressed in the vast majority of cell types and they have been implicated in a variety of biological processes including cell growth, migration and adhesion (for review, see Birge et al. 1 ). Crk was originally identified as the cellular counterpart of the viral oncogene v-Crk. 2 Expression of v-Crk elevates tyrosine phosphorylation levels in cells although it does not have any catalytic activity itself. 3 CrkII contains a single SH2 domain and two SH3 domains. Alternative splicing generates CrkI and CrkIII, in which the C-terminal SH3 domain is either lacking or modified to be nonfunctional. It is still unclear whether CrkII and its splice variants differ in their expression and function. CrkL is similar to Crk in amino-acid composition and overall domain structure, but the gene is located on a different chromosome in mammals. The SH2 domains of Crk and CrkL interact with many phosphotyrosine-containing proteins including paxillin (p70), p130Cas and c-Cbl, whereas the N-terminal SH3 domains of Crk and CrkL interact with proline-rich motifs of many proteins including C3G, DOCK180 and the Abl family (reviewed by Feller 4 ). As Crk and CrkL are cellular homologs of the viral oncogene v-Crk, their oncogenic properties have been studied extensively. When overexpressed, CrkI induces altered cell morphology, proliferation in soft agar and tumor growth in nude mice, whereas CrkII does not cause transformation. 5 Overexpression of CrkL in fibroblast cells also induces transformation. 6 It is generally accepted that CrkI is highly transforming owing to its structural similarity to v-Crk, whereas CrkII and CrkL have little or no transforming activity owing to the presence of a C-terminal regulatory phosphorylation site. In addition, Crk and CrkL have been reported to be overexpressed in several types of human cancers (for review, see Sriram and Birge 7 ). Expression of Crk is significantly elevated in some breast adenocarcinoma, 8 poorly differentiated lung adenocarcinoma 9 and colon cancer. 10 Furthermore, tumor-forming potential is significantly inhibited by Crk knockdown in the human ovarian cancer cell line MCAS 11 and in human synovial sarcoma cell lines. 12 Similarly, CrkL is amplified in non-small-cell lung cancers, and knockdown of CrkL in lung cancer cell lines decreases cell proliferation, motility and invasion. 13 Therefore, it has been suggested that an increase in protein levels of Crk and CrkL abnormally amplifies growth signaling, leading to cell transformation and enhanced tumor cell growth.
Despite elucidation of the oncogenic functions of Crk and CrkL, the normal physiological functions of these proteins are not yet clear. Crk-null embryos exhibit defects in cardiovascular and craniofacial development and they die during embryonic development.
14 CrkL-null embryos also die during embryogenesis as a consequence of lethal defects in cardiac and neural crest development. 15 These studies suggest that Crk and CrkL have essential distinct roles during embryonic development. The generation of floxed alleles of Crk and CrkL has made it possible to investigate tissue-specific contributions of Crk and CrkL to various biological processes. Using this strategy to remove Crk and CrkL from neuronal precursor cells, we observed profound defects in neuronal migration and positioning, very similar to those described in reeler mice. 16 In addition, the loss of both Crk and CrkL in skeletal muscle led to severe defects in the neuromuscular synapse. 17 As mice lacking either Crk or CrkL alone in neurons or skeletal muscles did not display any defects, it can be concluded that Crk and CrkL have essential overlapping roles in brain development and neuromuscular synapse formation. Although these in vivo studies point to diverse biological functions of Crk and CrkL, it is important to conduct complementary studies in vitro to understand their mechanisms of action at the cellular level. Therefore, we prepared fibroblast cells from mouse embryos carrying floxed alleles of Crk and CrkL, to examine the consequences of conditional ablation in cell culture. Our results demonstrate that Crk and CrkL have essential roles in maintaining cell structure and motility. In addition, our results suggest that CrkII has a predominant role in controlling cell size, whereas CrkI promotes cell elongation.
RESULTS

Morphological alteration of fibroblast cells in the absence of Crk and CrkL
To investigate the cellular functions of Crk and CrkL, fibroblasts derived from Crk/CrkL double-floxed mice were cultured and infected with a lentiviral vector expressing Cre plus green fluorescent protein (GFP). As shown in Supplementary Figure 1 , Crk disappeared from cells at 2-3 days post infection (DPI). We then compared the morphology of Crk/CrkL double-floxed cells expressing Cre plus GFP with that of wild-type cells expressing Cre plus GFP. At 1 DPI, a few cells became GFP-positive in cultures of both wild-type and double-floxed cells without any significant morphological changes (Figure 1a) . At 3 and 6 DPI, the GFP signal grew progressively stronger. Most GFP/Cre-positive double-floxed cells became smaller in size at 3 and 6 DPI, appearing round and refractile under phase-contrast microscopy (white arrows in Figure 1a ). In contrast, wild-type and double-floxed cells infected with a lentiviral vector expressing GFP alone, did not exhibit any morphological abnormalities (Figure 1b The scratch wound-healing assay was used to examine the contribution of Crk and CrkL to directional cell migration. After double-floxed fibroblast cells were infected with lentiviral vectors expressing GFP alone or GFP plus Cre, a wound was created in the cell monolayer, and migration of cells into the gap at the wound site was monitored. As shown in Figure 2c and d, although several double-floxed cells expressing GFP alone migrated into the wound site, this was not the case with double-floxed cells expressing GFP plus Cre. Taken together, the results suggest that Crk and CrkL have critical roles in the control of cell motility as well as the maintenance of cell shape.
Loss of focal adhesion in the absence of Crk and CrkL Focal adhesions are protein complexes that have important roles in cell morphology and migration by connecting the cell cytoskeleton to the extracellular matrix. Previously, v-Crk, CrkL and p130Cas were shown to interact with proteins important for focal adhesion formation, including paxillin and FAK. [18] [19] [20] Therefore, we investigated whether focal adhesion formation was affected in the absence of Crk and CrkL. As visualized by antivinculin antibody staining in Figure 3 of both Crk and CrkL, which in turn leads to morphological alterations and decreased cell motility.
Collapse of cytoskeletal structures in the absence of Crk and CrkL As focal adhesions connect stress fibers to extracellular structures, and stress fibers contribute to cell shape changes, we wondered whether stress fiber formation was affected in cells lacking Crk and CrkL. Stress fibers are higher order structures consisting of actin filaments, crosslinking proteins and myosin motors that can be easily visualized by staining actin with phalloidin. In Figure 4 , stress fibers were observed to be present until 2 DPI but then disappeared in strongly GFP/Cre-positive double-floxed cells (white arrows). However, GFP/Cre-positive wild-type cells as well as GFP/Cre-negative double-floxed cells retained stress fibers (yellow arrows). The results suggest that formation of stress fibers is disrupted by the loss of Crk and CrkL. Therefore, it appears that Crk and CrkL are required for the maintenance of focal adhesions and stress fibers, two key cellular structures that connect cells to the extracellular matrix.
To further study the overall structural change in the cells lacking Crk and CrkL, we examined the distribution of microtubules. Staining of wild-type cells with an antibody against tubulin demonstrated that microtubules were distributed throughout the cytoplasm, but not in the nucleus, leaving a cage-like space in the nucleus ( Figure 5 ). In GFP/Cre-positive double-floxed cells, microtubules collapsed around the nucleus eventually resembling a poorly ordered and fragmented sheath structure (white arrows in Figure 5 ). However, GFP/Cre-positive wild-type cells maintained highly ordered microtubule structures. The results suggest that the loss of Crk and CrkL in cells leads to collapse of cytoskeletal structures and shrinkage of the cytoplasm, resulting in small, rounded cells consisting mainly of the nucleus enveloped by poorly organized cytoskeletal structures. Therefore, our results demonstrate that Crk and CrkL have essential roles in maintaining the integrity of cytoskeletal structures. This alteration in cytoskeletal structures is unlikely to be caused by cell death because cleavage of caspase 3 and poly (ADP-ribose) polymerase (PARP) was not observed until 5 DPI (data not shown).
Decrease of p130Cas phosphorylation and actin levels in the absence of Crk and CrkL To understand the underlying mechanisms responsible for cytoskeletal collapse in the absence of Crk and CrkL, we attempted to identify proteins that mediate the Crk/CrkLdependent cytoskeletal connection to the extracellular matrix. We reasoned that such proteins would rapidly disappear or their phosphorylation levels would drastically change once cells lose Crk and CrkL. Therefore, we monitored protein expression and phosphorylation levels of several candidate proteins, proposed to function downstream of Crk and CrkL in many known signaling pathways, to determine if any of these changed their expression or phosphorylation levels following the decrease of Crk and CrkL. As shown in Table 1 , double-floxed cells expressing both GFP and Cre did not exhibit any significant decreases in Rho GTPases such as Rac, cdc42 and RhoA until 4 DPI. Rac and RhoA decreased modestly only at 5 DPI. On the other hand, the protein and phosphorylation levels of mTor as well as the phosphorylation levels of S6 kinase were not significantly affected by the loss of Crk and CrkL. The expression levels of FAK, Akt and Src did not decrease at all, while the phosphorylation levels of FAK and Akt decreased modestly but significantly starting from 2 and 3 DPI, respectively. Thus, none of the above proteins tested showed a sharp and progressive decline in their expression or phosphorylation levels, such as the protein levels of CrkI, CrkII and CrkL. Interestingly, the protein level of actin decreased substantially over the course of infection, whereas tubulin, GAPDH and vinculin showed either a modest decrease or no change (Figure 6a ). Actin showed the most significant decline in its protein level in the absence of Crk and CrkL, although the decrease of actin was not as rapid as the loss of Crk and CrkL. It is unclear how actin 21-23 Although we do not exclude the possibility of actin cleavage in the absence of Crk and CrkL, we could not detect actin fragments under our experimental conditions (data not shown). On the other hand, the protein levels of actin and vinculin did not change significantly in doublefloxed cells expressing GFP alone (Supplementary Figure 2) . In contrast, the protein levels of CrkI, CrkII and CrkL did increase suggesting that the enhanced complexity of cell-to-cell connections results in increased levels of Crk family proteins.
Two proteins that interact with SH2 domains in Crk and CrkL, p130Cas and paxillin, were investigated because previous studies indicated that their tyrosine phosphorylation levels increased upon overexpression of Crk or CrkL. 1, 18, 24 Although the levels of these proteins remained unchanged when double-floxed cells expressed both GFP and Cre (Figure 6c and d) , there was a clear decrease in tyrosine phosphorylation of p130Cas at 3 and 5 DPI. Although tyrosine phosphorylation of paxillin decreased gradually, the decrease was modest compared with the change in cells expressing GFP alone (Figure 6e ).
Then we tested whether the decrease in cytoskeletal elements such as actin and tubulin made any contribution to the morphological alteration observed in cells lacking Crk and CrkL. One day after double-floxed cells were infected with GFP and Cre, cells were treated with reagents that affect degradation of cytoskeletal elements and cell morphology was examined at 5 DPI. For quantitative analysis, the cytoplasmic area of GFP-positive cells was determined. As shown in Figure 6f , treatment of cells with the proteasome inhibitor MG-132 did not block the morphological consequences of Crk and CrkL ablations. In addition, paclitaxel, which stabilizes microtubules, did not prevent morphological conversion. However, treatment of cells with jasplakinolide, a reagent that stabilizes polymerized actin, suppressed morphological conversion caused by the loss of Crk and CrkL (yellow arrow in Figure 6f ). Quantitation of cellular surface area indicated that jasplakinolide partially blocked the morphological alterations caused by the loss of Crk and CrkL (Figure 6g ). This partial inhibition of the morphological conversion by artificial stabilization of polymerized actin, together with the observation of a substantial decrease in actin protein level in the absence of Crk and CrkL, suggests that actin has important roles in maintaining the Crk/CrkL-dependent cytoskeletal connection to the extracellular matrix.
Contribution of Crk and CrkL to cytoskeletal integrity
We used quantitative analysis of cytoplasmic area to investigate the individual contributions of CrkI, CrkII and CrkL to the maintenance of cell shape. We infected single-floxed cells with a lentiviral vector expressing GFP plus Cre to see whether deletion of either Crk or CrkL alone caused any morphological alteration. As shown in Figure 7a , deletion of either Crk or CrkL did not cause the drastic morphological changes seen in cells lacking both Crk and CrkL. However, close examination revealed that some GFP-positive cells lacking either Crk or CrkL showed modest morphological effects (white arrows in Figure 7a ). There was also a modest but significant decrease in cytoplasmic area in cells lacking either Crk or CrkL (68.0±8.4% and 73.9±5.7% of the normal size, respectively, in Figure 7b and Supplementary Figure 3A) . The reduction in cell size that occurred after ablation of both Crk and CrkL (66.5±2.0%) was greater than the combination of the effects caused by individual ablation of Crk and CrkL (49.7% based on 1-0.680 Â 0.739 ¼ 0.497). Analyses of equivalent diameter and perimeter also showed similar reductions in the absence of either Crk or CrkL and greater reductions in the absence of both Crk and CrkL (Supplementary Figures 3B and C) . The greater reduction in the cell size in the absence of both Crk and CrkL is consistent with the drastic morphological alterations observed in cells lacking both Crk and CrkL. These findings suggest that Crk and CrkL have essential, overlapping roles in the maintenance of cell structure.
To further examine the individual contributions of Crk family proteins, we generated full-length constructs of CrkII, CrkI and CrkL tagged with a FLAG epitope (Supplementary Figure 4A) . We also generated a series of deletion and point mutants of Crk and CrkL to assess which domains have important roles in cell structure maintenance. The expression of FLAG-tagged constructs was verified by western blot analysis (Supplementary Figure 4B) . CrkISH3 and CrkLSH2 were not detected, suggesting these truncated proteins were unstable, whereas there was weak but consistent expression of CrkSH2. We analyzed the morphology of Crk/CrkL double-floxed cells expressing both Cre and the FLAGtagged Crk and CrkL constructs to examine whether the constructs could rescue or inhibit morphological conversion induced by the loss of endogenous Crk and CrkL. As shown in Figure 8a and b, exogenous CrkII significantly rescued morphological conversion. CrkI did not increase the cytoplasmic area, but instead it promoted elongation of cells (Supplementary Figure 4C) . CrkL did not cause a significant change in cytoplasmic area. On the other hand, measurement of circularity (roundness) indicated 
Crk/CrkL double-floxed (Crk f/f ;CrkL f/f ) cells were infected with a lentiviral vector expressing both GFP and Cre or a lentiviral vector expressing GFP alone. Cell lysates were prepared daily starting from 1 DPI to 5 DPI. Expression levels of proteins were determined using western blot analysis and presented as percentages of proteins without infection±s.e.m. *Po0.05, **Po0.01, ***Po0.001, compared with the control levels without infection.
that CrkII, CrkI and CrkL all induced a significant inhibition of the conversion to a rounded morphology (left panel in Figure 8c ). The results suggest that CrkII was much more effective than CrkI or CrkL in maintaining cell morphology. In cells expressing GFP, both CrkII and CrkL increased cytoplasmic area, whereas CrkII, CrkI and CrkL all caused decreased circularity (lower panel in Figure 8a and right panels in Figure 8b and c). Only CrkI increased cellular elongation regardless of Cre expression. Therefore, the results suggest that CrkII and CrkL control cell size whereas CrkI is primarily involved in regulation of cell elongation.
Mutation of tyrosine 221 to phenylalanine in CrkII (CrkIIY221F) abrogated the effect of CrkII on cell morphology as CrkIIY221F failed to increase the cytoplasmic area or to decrease circularity in cells expressing GFP plus Cre or GFP alone. In contrast, mutation of tyrosine 207 to phenylalanine in CrkL did not disrupt its effect on cell morphology. Mutation of the Crk SH2 domain (CrkIIR38K) decreased cytoplasmic area in cells expressing Cre, but had no effect on cell morphology in the presence of endogenous Crk and CrkL. Furthermore, CrkIIR38K did not influence cellular circularity. On the other hand, mutation of the N-terminal SH3 domain in CrkII (CrkIIW169K) decreased cytoplasmic area in cells expressing GFP plus Cre or GFP alone. CrkIIW169K also increased circularity but only in the presence of endogenous Crk and CrkL. Mutation of the C-terminal SH3 domain (CrkIIW275K) did not affect the ability of CrkII to increase cytoplasmic area or decrease circularity in cells expressing Cre. In the presence of endogenous Crk and CrkL, CrkIIW275K caused a modest but significant decrease in cytoplasmic area, but it did not affect circularity. SH2-only and SH3-only mutants of Crk (CrkSH2, CrkIISH3 and CrkISH3) failed to rescue morphological changes and they also caused further reductions in cytoplasmic area and increased circularity in both the presence and absence of endogenous Crk and CrkL. Close examination of the results indicates that CrkIISH3 and CrkISH3 were less efficient than CrkSH2 at decreasing cytoplasmic area or at increasing circularity. The results suggest that the SH2-only mutant acts as a more potent dominant interfering molecule than the SH3-only mutants. The SH2-only mutant of CrkL (CrkLSH2) performed similarly to full-length CrkL. However, as we were unable to detect steady-state levels of this protein it may not have been present at sufficiently high levels. The SH3-only mutant of CrkL (CrkLSH3) also performed the same as full-length CrkL in these assays. With the caveat concerning the low expression levels of three of the truncated proteins, the results obtained with Crk and CrkL deletion mutants are generally consistent with those obtained using full-length proteins. Taken together, these findings support the hypothesis that, although both CrkII and CrkL control cell morphology, CrkII has the predominant role. In addition, the SH2-only truncation mutant of Crk (CrkIISH2) and the N-terminal SH3 CrkII truncation mutant (CrkIIW169K), both act as dominant negative molecules.
DISCUSSION
Crk and CrkL fulfill diverse biological functions in cell growth, migration and adhesion by binding to many proteins through SH2 and SH3 domain interactions. These interactions are often triggered by the activation of receptor, or nonreceptor, tyrosine kinase-mediated signal transduction pathways to ensure that cells respond appropriately to a variety of external stimuli. One of the major questions now facing the field is to understand how these multiple interactions are coordinated, spatially and temporally, in response to changes in the extracellular environment. It has been assumed that Crk and CrkL provide a platform for the assembly of arrays of signaling proteins that coordinate complex cellular responses. However, the exact cellular changes induced by Crk and CrkL in response to stimuli and their biological significance remain unclear. Previously, reduced focal adhesions and altered cell morphology were observed in NIH3T3 fibroblast cells in which Crk and CrkL were suppressed using shRNA approaches. 25 In addition, human tumor cell lines in which Crk levels were reduced showed decreases in cell motility, cell spreading and formation of actin stress fibers and focal adhesions. 8 These studies linked the effects of Crk and CrkL to changes in cell cytoskeleton. We used Cre/loxP recombination technology to induce individual and collective ablation of CrkI, CrkII and CrkL from cultured fibroblasts. In the absence of CrkI, CrkII and CrkL, formation of both focal adhesions and actin stress fibers, the two key cellular structures that connect the cell cytoskeleton to the extracellular matrix, are disrupted. Once cells lose their connection with the extracellular matrix, they fail to maintain cytoskeletal integrity. Taken together with previous studies, our results suggest that Crk and CrkL mediate the cytoskeletal connection with the extracellular matrix, which is essential for cellular adhesion and motility.
Although Crk and CrkL are structurally very similar, most of the previous functional studies focused on the role of either Crk or CrkL individually, but not both, partly because only one of the proteins was initially identified as a binding partner of signaling molecules in a given pathway. 17, 26 However, in vivo studies using mouse knock-out models have clearly demonstrated that Crk and CrkL exhibit overlapping functions. 16, 17 To better understand the underlying mechanism responsible for the in vivo functions of Crk family proteins, we took an in vitro approach to investigate the effects of Crk and CrkL ablation at the cellular level. Although fibroblasts lacking both Crk and CrkL display prominent morphological alterations, fibroblasts lacking either Crk or CrkL exhibit only modest changes in cell morphology. Previous investigations 1,25,27 using siRNAs or shRNAs to suppress Crk and CrkL expression, did report alterations in cell behavior and morphology; however, these were much less substantial than the absolute requirement for Crk and CrkL in maintaining cell shape that we show here. This difference in morphological phenotypes likely reflects incomplete suppression of Crk and CrkL in the previous siRNA and shRNA suppression studies. In addition, some Crk shRNAs also caused partial suppression of CrkL, 27 making it difficult to distinguish Crk-mediated functions from CrkL-mediated functions.
Double-floxed cells also allowed us to assess the individual contributions of CrkI, CrkII and CrkL to the maintenance of cell structure. Although exogenous expression of CrkL caused a modest inhibition of morphological conversion in the absence of endogenous Crk and CrkL, exogenous CrkII was very effective at maintaining cell shape, indicated by increased cell size and reduced roundness. These results are consistent with the less-pronounced dominant negative activity of CrkL deletion mutants compared with Crk deletion mutants. On the other hand, CrkI induced a distinct morphological phenotype resulting in an elongated, thin cell shape. This aberrant effect of CrkI may explain why CrkI is more effective than CrkII at inducing cell transformation. 5 The effects of the various Crk and CrkL constructs on cell morphology were quite complicated and challenging to interpret but several conclusions were possible. The results support the hypothesis that phosphorylation of tyrosine 221 and the presence of the SH2 domain are critical for CrkII-mediated control of the cell cytoskeleton. This conclusion is supported by the failure of CrkIIY221F and CrkIIR38K to mimic fulllength wild-type CrkII and by the more potent dominant negative effects observed with CrkIISH2 and CrkIIW169K. The results also suggest that CrkII requires both the SH2 and SH3 domains to exert its function, as the presence of either domain alone resulted in dominant negative effects. The N-terminal SH3 domain appears to contribute more to cell morphology control as CrkIIW169K exerted a more potent dominant negative effect than CrkIIW275K. The less-pronounced contribution of the C-terminal SH3 domain of CrkII was previously observed in NIH3T3 fibroblast cells, in which either CrkI or CrkII mutant lacking the C-terminal SH3 domain failed to rescue the platelet-derived growth factor (PDGF)-induced Rac1 activation. 25 In addition, failure of both CrkI and CrkIIY221F to rescue morphological conversion indicates that down regulation of CrkII following tyrosine phosphorylation by the Abl or Arg kinases (reviewed by Birge 1 ) may have a key role in controlling the cell cytoskeleton. It may be interesting to examine whether a more compact structure or cis-trans isomerization of CrkII 28, 29 are also responsible for these activities. Our observation that tyrosine phosphorylation of p130Cas decreased as cells lost Crk and CrkL is consistent with the previous reports describing elevated tyrosine phosphorylation of p130Cas in CT10-transformed cells. 30, 31 As phosphorylation of p130Cas by Src family tyrosine kinases is known to provide binding sites for Crk and CrkL (reviewed by Tikhmyanova 24 ), tyrosine phosphorylation of p130Cas and binding to Crk and CrkL seem to be tightly connected. It will now be interesting to investigate whether p130Cas phosphorylation mediates cytoskeletal control by Crk and CrkL, as actin stress fiber formation is severely impaired in p130Cas-deficient fibroblast cells. 32 Both rounded cell shape and reduced cell migration have been reported to be associated with the loss of other focal adhesion proteins such as FAK and paxillin 33, 34 suggesting that impaired focal adhesion in the absence of Crk and CrkL might be responsible for morphological alteration and reduced motility. Our study underscores the notion that certain key biological functions of Crk and CrkL can be uncovered only by deleting both Crk and CrkL from cells or tissues. Thus, floxed mice for Crk and CrkL, and cells derived from these mice, provide useful tools for future studies.
MATERIALS AND METHODS
Generation of MEF cells and lentiviral infection
Mouse embryonic fibroblast (MEF) cells were prepared as previously reported.
14 Embryos derived from intercrosses of single-or double-floxed mice were harvested at embryonic day 13.5. Heads and viscera were removed and used to extract genomic DNA for PCR genotyping. The remaining embryonic tissues were minced and treated with trypsin-EDTA (Invitrogen, Grand Island, NY, USA), and dissociated cells were cultured in Dulbecco's modified Eagle's medium (Cambrex, Rockland, ME, USA) supplemented with 10% fetal bovine serum (HyClone, Logan, UT, USA), L-glutamine, penicillin and streptomycin at 37 1C under 5% CO 2 . MEF cells at their early passages, when cell growth slowed down after the initial phase of massive cell proliferation, were used for lentiviral infection to minimize outgrowth of uninfected cells and to keep percentages of infected cells high during experiments. All mouse studies were carried out according to the protocols approved by the Institutional Animal Care and Use Committee at the Children's Hospital of Philadelphia Research Institute. Initially, lentiviral vectors expressing GFP alone or GFP plus Cre were either purchased from Lentigen Co. (Baltimore, MD, USA) or kindly provided by Dr Philip Zoltick (the Children's Hospital of Philadelphia, Philadelphia, PA, USA). For rescue experiments and other quantitative analyses, Cre and various Crk and CrkL constructs were cloned into pLVX-IRES-ZsGreen1 and pLVX-IRES-mCherry vectors (Clontech, Mountain View, CA, USA), respectively. Lentiviral particles were generated using Lenti-X HTX packaging system and Lenti-X 293T cell line (Clontech) according to the manufacturer's instructions. For western blot and immunocytochemistry analyses, MEF cells were harvested, counted and plated onto 35-mm dishes and 8-well cultureslides (BD Biosciences, Bedford, MA, USA), respectively, at a density of 500 cells/cm 2 . The next day cells were infected with lentiviral vectors in the presence of 8 mg/ml polybrene. On the following day, the medium was replaced with fresh medium and cells were monitored for any changes in morphology and motility.
Immunocytochemistry
For immunostaining, MEF cells cultured on 8-well cultureslides were washed with phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde plus 4% sucrose in PBS and permeabilized with 0.25% Triton X-100. Then cells were incubated with 100 mM Glycine (Sigma, St Louis, MO, USA) to reduce auto-fluorescence and incubated in PBS supplemented with 5% bovine serum albumin for blocking nonspecific antibody binding. Primary and secondary antibodies were diluted with the blocking solution and centrifuged for 2 min at full speed to get rid of precipitates. Cells were incubated with primary antibodies for 1 h at room temperature, washed in PBS and incubated with Alexa fluor dyeconjugated secondary antibodies or phalloidin (Invitrogen) for 40 min at room temperature. After extensive wash, well barriers were removed and coverslips were mounted with Vectashield mounting medium containing 4,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA, USA). High magnification images of cells were captured using a Nikon 90i microscope equipped with Roper EZ monochrome and DS-Fi1 color cameras or an Olympus IX70 inverted microscope equipped with Deltavision deconvolution software. Images were imported into Adobe Photoshop CS for analysis.
Measurement of cytoplasmic area
To quantitatively assess effects of various Crk and CrkL constructs and chemicals on cell morphology, we developed a fluorescence imagingbased method for calculating the cytoplasmic areas of cells. Fibroblast cells infected with a lentiviral vector expressing GFP have green fluorescence in the cytoplasm. Using the Object Count function of the Nikon NIS element program, cells with green fluorescence signals stronger than a designated threshold were automatically selected, and areas and other parameters such as equivalent diameter (diameter of a circle with the same area as the measured object), perimeter, circularity (calculated as 4*p*area/perimeter 2 ; circularity equals to 1 for circles and all the other shapes are characterized by circularity smaller than 1), and elongation (MaxFeret/MinFeret where MaxFeret and MinFeret are the maximal and minimal values of the set of Feret's diameters) of selected objects were calculated. To count only cellspecific fluorescence, DAPI-negative objects were excluded. To obtain representative and nonbiased data, images of fluorescent cells were taken from a minimum of eight different fields of view throughout the entire area of the well.
To analyze effects of various Crk and CrkL constructs on cell morphology in the absence or presence of the endogenous Crk and CrkL proteins, a variety of Crk and CrkL constructs with the same epitope tag FLAG were generated. Full-length CrkII, CrkI and CrkL were amplified by PCR using Ex Taq DNA polymerase (TaKaRa, Mountain View, CA, USA) from a mouse brain cDNA library and cloned into the pFLAG-CMV-5a expression vector (Sigma) to add the FLAG epitope tag at their C-termini. Various SH2 and SH3 deletion mutants were generated by PCR from full-length constructs. Various mouse SH2 and SH3 point mutants were kindly provided by the Hanafusa lab at the Osaka Bioscience Institute in Japan 35 and subcloned into the pFLAG-CMV-5a expression vector. All the constructs in the pFLAG-CMV-5a were subcloned into the pLVX-IRES-mCherry vector (Clontech) for lentivirus production. Tyrosine mutants of CrkII (Tyr221) and CrkL (Tyr207) were generated using the QuikChange site-directed mutagenesis kit (Agilent, Santa Clara, CA, USA) from the full-length wild-type constructs in the pLVX-IRES-mCherry vector. After Crk/CrkL double-floxed MEF cells were infected with lentiviral vectors, expression of the FLAG-tagged constructs was monitored with western blot analysis using anti-FLAG M2 antibody (Sigma) (Supplementary Figure 4B) . To examine morphology of the cells expressing both GFP/Cre and various Crk/CrkL constructs, objects that were positive for fluoroscein isothiocyanate (FITC), Texas Red and DAPI all together were analyzed.
Spontaneous motility assay
Three days after infection with lentiviral vectors when green fluorescence signals from infected cells became very strong, green fluorescent cells were selected and time-lapse images were recorded over 48 h at hourly intervals. For quantitative analysis of spontaneous cell motility, virtual grid lines with 32.5 Â 32.5 mm for each grid were placed on the images and consecutive images were compared to see whether GFP-positive cells crossed a grid line to move from one grid to another adjacent grid. If the center of a cell moved to a neighboring grid within an hour, it was marked as 1 for the motility. If the center of a cell stayed in the same grid in an hour, it was marked as zero. Forty GFP-positive cells were assessed for each group. Scratch wound-healing assay MEF cells were plated on cultureslides and infected with lentiviral vectors expressing either GFP plus Cre or GFP only. Four days after infection, a wound was created using a micropipette tip to scratch through the middle of the cell monolayer and migration of cells into the gap at the wound site was monitored for 3 days. Green fluorescent cells either present on both sides or that had migrated into the wound gap were counted using the Object Count function of the Nikon NIS element program, and the percentage of cells migrated to the wound gap was calculated.
Western blot analysis
Lysates of MEF cells were prepared using 1% NP-40 lysis buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA, 25 mM NaF, 2 mM Na 3 VO 4 , 0.1% sodium deoxycholate, protease inhibitor cocktail complete mini (Roche, Mannheim, Germany) and phosphatase inhibitor cocktail Phos-STOP (Roche). After quantifying the protein content of each cell lysate using Bio-Rad protein assay kit, total cell lysates containing the same amount of protein were loaded, separated by SDS-PAGE and transferred to nitrocellulose membranes (Invitrogen). Membranes were then subjected to Western blot analysis using an Odyssey infrared imaging system Li-Cor Biosciences (Lincoln, NE, USA). For most antibodies, membranes were incubated with Odyssey blocking buffer and incubated with primary antibodies in Odyssey blocking buffer containing 0.2% Tween-20 for an hour at room temperature with a slow rotation. After washing with 1X trisbuffered saline-Tween 20 (TBS-T), membranes were incubated with IRDye secondary antibodies, IRDye 680 goat anti-mouse and IRDye 800CW goat anti-rabbit antibodies, for an hour at RT with a slow rotation. Then membranes were extensively washed with TBS-T and PBS and allowed to dry completely on a blotting paper. Membranes were protected from light since the secondary antibody incubation. Infrared images were taken from membranes and quantified using an Odyssey infrared imaging system according to the manufacturer's instructions. Sources of the primary antibodies are as follows: anti-Crk, anti-FAK, anti-p130Cas and anti-paxillin antibodies are from BD Biosciences; antibodies to CrkL (sc-319) and p-p70 
Statistical analysis
Statistical analysis of data was carried out using unpaired two-tailed Student's t-test for comparison between two experimental groups. Differences were considered to be significant when probability (p) values were o0.05.
